Single crystals of undoped or europium-doped barium chloride, bromide, and iodide were investigated under x-ray and ␥-ray excitations. The Eu 2+ -related x-ray excited luminescence found in the Eu-doped barium halides occurs at 402, 404, and 425 nm for the chloride, bromide, and iodide, respectively. BaCl 2 :Eu 2+ shows the best scintillation properties of the systems investigated. The light yield is about 20 000± 2000 photons per MeV of absorbed ␥-ray energy, the energy resolution for the 662 keV photopeak is 8.8% ± 0.9%, and the scintillation decay time is 390± 40 ns.
I. INTRODUCTION
Research of scintillators has become very important during the last 20 years because of their use in x-ray radiography for medical diagnosis, nondestructive testing, and many fields of physics and chemistry. For all applications the detection of the x rays can be achieved by an x-ray scintillator. Common scintillators are based on inorganic materials.
Fluorozirconate-based glass ceramics activated with europium represent a promising class of x-ray scintillators.
1,2 In contrast to common single-crystal scintillators, glass ceramics can be manufactured easily in any size and shape. The scintillation in these glass ceramics is mainly caused by the 5d-4f transition of europium͑II͒ incorporated in barium chloride nanocrystals that are formed in the glass matrix upon appropriate thermal processing. To better understand the scintillation properties in europium-activated barium halide nanocrystals in general, an investigation of the processes in the corresponding bulk material is essential.
Typical performance characteristics for scintillators are energy resolution, light yield, and scintillation decay time. The energy resolution indicates the relation of the light output to the energy of the penetrating gamma quantum. The light yield is the fast part of the generated light after the absorption of an energetic photon ͑x-ray or gamma quantum͒ obtained from pulse height spectra; integrated x-ray excited luminescence spectra provide information on the integral scintillation efficiency. A fast scintillation decay time is necessary for fast-timing or high-count-rate applications.
II. EXPERIMENTAL TECHNIQUES

A. Sample preparation and crystal structure
Undoped and Eu-doped single crystals of orthorhombic BaX 2 ͑X = Cl, Br, and I͒ were grown in the University of Paderborn crystal growth laboratory using the Bridgman method. To prepare the Eu-doped samples, BaX 2 powder was added to 1000 molar ppm of EuX 2 in a quartz glass ampoule with a SiX 4 atmosphere. Prior to crystal growth the BaX 2 powder was dried in vacuum with subsequent melting in the SiX 4 atmosphere to reduce oxygen contamination. However, the silicon treatment did not work for the BaI 2 powder. The usual technique was completed by slow cooling through the cubic-orthorhombic phase transition near 920°C for BaCl 2 ͑Ref. 3͒ and 800°C for BaBr 2 . 4 The stable phase of BaX 2 crystals at room temperature ͑RT͒ has the orthorhombic PbCl 2 structure characterized by the space group D 2h 16 ͑Pnma͒. 3 The lattice parameters, density, and effective Z are summarized in Table I . The rareearth dopant Eu 2+ is substituted at Ba 2+ sites having nine halide ions as close neighbors at slightly varying distances.
B. Experimental setup
The x-ray excited luminescence ͑XL͒ and afterglow spectra were recorded at the University of Paderborn using a 0.22 m double monochromator ͑Spex͒ in combination with a cooled photomultiplier ͑Hamamatsu R943-02͒ working in single-photon counting mode ͑HP 5370B universal time interval counter͒. All spectra were recorded at RT and not corrected for spectral sensitivity of the experimental setup. The x-ray irradiation was carried out with a mobile x-ray tube ͑Phillips MGC 01͒ using a tungsten anode at 60 kV and 15 mA.
Pulse height spectra were obtained at the Delft University of Technology with a Hamamatsu R1791 photomultiplier tube ͑PMT͒ with a box-type dynode structure connected to a preamplifier and an Ortec 672 spectroscopy amplifier inside an M-Braun Unilab dry box. The crystals were mounted directly to the window of the PMT and covered with several Teflon layers to optimize the light collection. The photoelectron yield ͑LY phe in photoelectrons per MeV͒ a͒ Author to whom correspondence should be addressed; electronic mail: stefan.schweizer@uni-paderborn.de is obtained by comparing the peak position of the photopeak with that of the single-electron spectrum. 7 The absolute light yield, LY ph in photons per MeV ͑photons/MeV͒, is derived from LY phe as follows:
The effective quantum efficiency QE eff of the PMT was obtained from the manufacturer, and the PMT effective reflectivity R eff was measured. Both are averaged over the spectral profile of the ␥-ray excited scintillation spectrum. The position as well as the energy resolution of the photopeak ͑full width at half maximum͒ was determined by fitting the photopeak with a Gaussian curve. The scintillation decay time was measured at Delft University of Technology. The spectra were recorded by two methods. The first is the single-photon counting technique described by Bollinger and Thomas. 9 For this method, scintillation decay time spectra can be recorded up to a maximum time range of 200 s with XP2020Q PMTs, Ortec 934 constant fraction discriminators, Ortec 567 time-toamplitude converter ͑TAC͒, and AD513A CAMAC analogto-digital converter ͑ADC͒. The time ranges used for measurements presented in this work vary from 10 to 20 s.
For recording decay time spectra at longer times than 200 s, the multihit method 10 was used. The TAC and ADC in the single-photon counting technique were replaced by a Lecroy 4208 time-to-digital converter ͑TDC͒ having a channel width of 1 ns. By this method, the short decay component and its contribution to the total light yield are less accurately obtained than those by the single-photon counting technique. Figure 1 shows the normalized XL spectra of undoped and Eu-doped BaCl 2 , BaBr 2 , and BaI 2 . The XL of undoped BaCl 2 shows a broad band at about 300 nm and a doublepeak structured band between 380 and 600 nm with maxima at 420 and 475 nm. The ultraviolet XL band at about 300 nm can only be seen in undoped BaCl 2 but not in any of the other samples. The XL of undoped BaBr 2 shows a similar double-peak structured band as found in undoped BaCl 2 with peak positions at 425 and 475 nm. However, the intensity ratio of the 425 to the 475 nm band has changed in favor of the longer wavelength. In undoped BaI 2 a broad XL band at about 530 nm with a small shoulder at about 430 nm can be found.
III. EXPERIMENTAL RESULTS
A. X-ray excited luminescence and integral scintillation efficiency
The XL spectra of the Eu-doped BaCl 2 and BaBr 2 do not show any of the features described above but single bands at 402 and 404 nm, respectively. This band is due to the typical 5d-4f transition of Eu 2+ . The 404 nm band in BaBr 2 shows a small shoulder at about 480 nm. The Eu 2+ emission is further shifted to longer wavelengths in Eu-doped BaI 2 , where it is seen as a small peak at about 425 nm. The XL of Eu-doped BaI 2 is dominated by the broadband at 530 nm, which also appeared in undoped BaI 2 . The most intense XL peak occurred for the Eu 2+ 5d-4f transition in BaBr 2 followed by BaCl 2 . The Eu 2+ emission in BaI 2 is very weak. For a rating of the scintillation properties with regard to light yield, single crystals of the undoped and Eu-doped barium halides were compared to the common scintillator CdWO 4 . The measurements were made using the same parameters for all crystals. The area under the XL curve was calculated and compared to that of CdWO 4 . 11 The results are Figure 2 shows the normalized afterglow spectra of undoped and Eu-doped BaCl 2 and BaBr 2 . The afterglow of undoped and Eu-doped BaI 2 was too weak to allow the recording of the spectral behavior. The afterglow spectra of the Eu-doped samples ͑Fig. 2, solid curves͒ are almost identical to the corresponding XL spectra. The spectra are dominated by the Eu 2+ emissions at 402 and 404 nm for BaCl 2 and BaBr 2 , respectively. The afterglow spectrum of the undoped BaCl 2 does not show the broad 300 nm luminescence band found in XL but the double-structured band with peaks at 420 and 475 nm. However, the intensity ratio of the 420 to the 475 nm band has changed in favor of the longer wavelength. For undoped BaBr 2 the situation is similar: The afterglow spectrum shows the same double-structured band as already observed in XL, with an intensity ratio in favor of the longer wavelength. In both cases, the change in the intensity ratio is caused by the slightly higher afterglow intensity of the longer wavelength band. This finding was confirmed by measurements on the temporal behavior of the XL/afterglow intensity. Figure 3 shows the temporal behavior of the XL/ afterglow intensity of undoped and Eu-doped barium halides after switching on ͑for 5 min͒ and off the x-ray excitation at RT; the resolution of these measurements was 3 s, i.e., every 3 s a data point was recorded. Undoped BaCl 2 shows an afterglow in the range from 20% ͑420 nm͒ to 25% ͑475 nm͒. The Eu 2+ emission in BaCl 2 has an afterglow of about 0.2%. In contrast to BaCl 2 , the afterglow of undoped BaBr 2 is less than that of the Eu-doped sample: The Eu 2+ emission has an afterglow of 10%, while the afterglow in undoped BaBr 2 ranges from 1% ͑425 nm͒ to 1.5% ͑475 nm͒. Undoped and Eu-doped BaI 2 show an afterglow below 0.1%. The XL-toafterglow ratios detected at the wavelengths indicated are listed in Table II .
B. Afterglow
C. Light yield and energy resolution
Light yields and energy resolution for the undoped and Eu-doped barium chlorides and bromides were derived from pulse height spectra under 662 keV ␥-ray excitation of a 137 Cs source; the spectra are shown in Fig. 4 . To determine the position of the photopeak and the energy resolution, the photopeaks were fitted by Gaussian curves. Besides the photopeak at 662 keV, the spectra show the Compton continuum from the Compton edge at about 450 keV down to zero energy. The backscatter peak, which arises from scattering of the ␥ rays from the photomultiplier and materials outside the system back into the scintillation crystals, is at 200 keV. The leftmost peak at 32 kV corresponds to the K␣ x rays of barium, which are also emitted in a 
D. Scintillation decay
In Fig. 5 the scintillation decay curves of undoped and Eu-doped barium halides are presented. All samples were measured with TDC and TAC. The results of the two methods correspond with each other within an error of 10%. The curves for BaCl 2 and BaBr 2 were measured with the singlephoton counting method, whereas those for the BaI 2 samples were measured with the multihit method. The scintillation decay components are collected in the last column of Table  III . The decay components for Eu-doped BaCl 2 and BaBr 2 are much faster than those observed for the corresponding undoped sample, whereas both undoped and Eu-doped BaI 2 show about the same temporal behavior. The emission in BaI 2 is dominated by the 530 nm band, and its decay can be fitted by assuming two different components.
IV. DISCUSSION
The x-ray excited Eu 2+ emission in Eu-doped barium halides ͑solid curves in Fig. 1͒ shifts from chloride to iodide to longer wavelengths. For Eu-doped BaCl 2 and BaBr 2 the Eu 2+ emission dominates the XL spectrum; the doublestructured XL band at about 450 nm observed in the undoped samples cannot be seen in Eu-doped BaCl 2 , but it is found as a small shoulder in the case of Eu-doped BaBr 2 ͑Fig. 1, dotted curves͒. The XL band at 530 nm in undoped BaI 2 is also present in the XL spectrum of Eu-doped BaI 2 and is even more intense than the Eu-correlated emission at 425 nm. The 450 nm XL found in undoped BaBr 2 has previously been ascribed to F-V K center recombination. 13 The 450 nm band in undoped BaCl 2 and the 530 nm band in BaI 2 might be caused by the same process. We assume that there is an energy transfer mechanism between the F-V K pair and Eu 2+ . This transfer is very efficient in the case of BaCl 2 , efficient in the case of BaBr 2 , but almost completely suppressed in the case of BaI 2 . The reason for this is still unclear. At this point, we cannot say much about the scintillation mechanism in the barium halides investigated because dedicated experiments, such as decay time and light yield measurements ͑as a function of temperature and concentration͒, were not performed. The aim of this paper was to explore whether the materials studied can be interesting scintillator candidates. The best scintillator of the barium halides investigated-with respect to light yield, scintillation decay time, and afterglow-is Eu-doped BaCl 2 . The light yield is 19 400 photons/ MeV ͑see Table III͒, the scintillation decay consists of a fast component on the submicrosecond scale ͑about 400 ns, see Table III͒ , and the afterglow is less than 0.2% ͑see Table II͒ . Moreover, the energy resolution under the 662 keV ␥-ray excitation of a 137 Cs source is 8.8%. Although undoped BaBr 2 is also a good scintillator in terms of the light yield ͑19 300 photons/ MeV, see Table III͒ , its scintillation decay component is on the multiple microsecond scale ͑2200 ns, see Table III͒ , which makes this system less attractive for scintillation applications. The XL-toafterglow ratio of undoped BaBr 2 is 1%-2%; the energy resolution is 5.4% and thus slightly better than that of Eudoped BaCl 2 .
At first glance, a comparison between the light yield values obtained from the pulse height spectra ͑see Table III͒ and those from the XL spectra ͑see Table II͒ , which were compared to CdWO 4 ͓28 000 photons/ MeV ͑Ref. 11͔͒, shows that some of the data do not agree with each other. An explanation for this discrepancy lies in the recording method of the data. The light yield values derived from the pulse height spectra were recorded with a maximal shaping time of 10 s, whereas each data point of the XL spectra was obtained after 1 -2 s of integration and was thus additionally increased by afterglow effects. The light yield values in Table III agree with those in Table II in the case of low afterglow samples, e.g., Eu-doped BaCl 2 . Samples having an intense afterglow such as undoped BaCl 2 and Eu-doped BaBr 2 show in the XL spectra a much higher light yield, leading to a higher value in Table II . The XL light yield values for the undoped and Eu-doped BaI 2 are smaller than those of the pulse height spectra values. BaI 2 is very hygroscopic and becomes opaque while performing the XL measurements; the light yield thus decreases. For the pulse height spectra, the measurements were performed inside an M-Braun Unilab dry box with a moisture content less than 1 ppm. Finally, one may not exclude a nonproportional response of the scintillators with energy of excitation. Usually, scintillators are less efficient at x-ray energies ͑10-50 keV͒ than at gamma-ray energy ͑662 keV͒, and this may also contribute to differences between the x-ray light yield in Table II and the ␥-ray light yield in Table III .
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